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Overview


  Background: why new methods are needed: 
Indirect (EPA Method 24) vs. Direct (ASTM 
D6886) analysis


  Comparison of existing methods

  Coatings chosen for analysis

  New methods developed

  Results for samples studied

  Investigation of static headspace GC

  Results of validation studies (mini round-robin)

  Conclusions




VOC Definitions


  VOLATILE ORGANIC COMPOUND (VOC) is any 
volatile compound of carbon, excluding methane, 
carbon monoxide, carbon dioxide, carbonic acid, 
metallic carbides or carbonates, ammonium carbonate, 
and exempt compounds which participates in 
atmospheric photochemical reactions. 


  VOCs are “solvents” which “evaporate” from the coating 
during and after application, excluding exempt 
compounds


  U.S.  VOCs are what you measure by EPA Method 24 
(ASTM Practice D3960)


  ISO (Europe) VOCs are compounds with boiling points 
lower than diethyladipate (polar compounds) or 
tetradecane (non-polar compounds)




Why are we here?  
Enforcement challenge




Traditional VOC Measurement 

  Determine density of 
coating 
  Weight-per-gallon cup 

  Determine “solids” of 
coating  
  Heat at 110oC for 1 hour 
  ASTM 2369 

  Determine water in 
coating 
  GC or Karl-Fisher titration 

solids


water


VOC




VOC definitions


 Material VOC (regulatory VOC):  grams of 
VOC per liter of coating 


 Coating VOC: grams of VOC per liter of 
coating – liters of water – liters of exempts

€ 

VOCmaterial =
gVOC
Lpaint

€ 

VOCcoating =
gVOC

(Lpaint − Lwater − Lexempts)



Weight per gallon and solids


Weight per gallon cup ASTM 2369: 

paint + water or solvent, 
110oC for one hour 



Significance of ASTM 2369 
solids determination

  Actually defines VOC

  Problems:


  Depends on oven

  Depends on paint matrix


•  Resin – type

•  Pigments

•  Additives

•  Multicomponent reactive coatings


  Depends on amount of sample and water or solvent

•  ASTM currently examining for total revision – possibly no solvent

•  Different labs use different amounts of water/solvent




Water determination


 Karl Fisher titration

  ASTM D4017


 Problems:

  Size of sample

  Matrix

  Solvent

  Uncertainty


 Gas Chromatography

  ASTM D3892 

  Uncertainty




Experimental Data Used to 
Calculate VOC Values




VOC Calculations for  
Method 24 (no exempts)


€ 

VOCcoating =
( fV − fW)DP

1− [ fW(DP /DW)]

Equations based on Method 24 (ASTM 3960) for coating 
and material VOC using indirect method: fV - fW=fVOC


Large error for small 
fVOC




Direct VOC Measurement 

  Determine density of 
coating 
  Weight-per-gallon cup 

  Determine “solids” of 
coating  
  Heat at 110 C for 1 hour 
  ASTM 2369 

  Determine fraction 
VOC directly 
  Gas chromatography 
  ASTM D 6886 

solids


water


VOC




Calculation of fraction VOC in sample


  Prepare sample with known amounts of possible 
analytes and internal standard(s)


  Obtain areas for each peak from GC

  Calculate relative response factors for each analyte


  RF = AA x MI /(AI x MA) where AA and AI are areas 
of analyte and internal standard and MA and MI are 
masses of analyte and internal standard


  Prepare sample of coating with known mass of internal 
standard


  Obtain areas for each peak from GC

  Calculate fraction analyte for each analyte found


  FA = (AA x MI)/(AI x RF)

  Total VOC fraction is sum of all analyte fractions




ASTM D 6886-03  

Standard Test Method for 
Speciation of the Volatile Organic 
Compounds (VOCs) in Low VOC 
Content Waterborne Air-Dry 
Coatings by Gas Chromatograpy 



Assumptions


 For air-dry waterborne architectural 
coatings with a material VOC level 
below 5%, the number of different 
individual solvents will be a small, and


 The probable solvents are likely to be 
ethylene glycol(EG), propylene 
glycol(PG), ethylene glycol butyl 
ether(EB), diethylene glycol butyl 
ether(DB), and/or Texanol(TX). 




Coating Analysis by Direct Injection

(with modifications to ASTM D6886)


  Add 0.6 to 0.8 g of coating to a 20 or 40 mL vial containing  
3-5 g of ceramic beads and 10mL of THF or acetone or IPA 
containing 1 mg/mL ethylene glycol diethyl ether (EGDE). Mix 
the contents by shaking. 


  Alternatively, add 0.6-0.8 g of coating to a 20 or 40 mL vial 
containing ceramic beads and add 10.0mL of THF or acetone 
or IPA.  Add 20 μL EGDE and reweigh.    Mix the contents by 
shaking.  


  Inject 1µL of the coating solution/dispersion into a GC with 
flame ionization detection and calculate the amount of each 
VOC present in the coating using experimental peak areas 
and measured response factors.  




ASTM D6886 sample preparation


Ceramic beads 
(mixing aid) 

Paint sample 

Sample +  
solvent +  
EGDE 

Teflon lined 
septum cap 



Gas chromatography columns


•    Primary  column: 30 m x 0.25 mm 5% phenyl/
95% methyl siloxane (PMPS, DB-5), 1.0 µm 
film thickness (robust, common, relatively 
inexpensive) 


•    Confirmatory  columns: 30 m x 0.25 mm 
polydimethylsiloxane (PDMS), 0.25 µm film 
thickness; 30 m x 0.25 mm CarbowaxTM (CW), 
0.25 µm film thickness.




GC Parameters

•  Carrier Gas:  Helium 

•  Flow Rate:  1.0 mL per minute, constant flow                         
(24.9 cm/sec at 40oC ) 

•  Split Ratio:  Variable 

•  Temperatures, Inlet 260oC, Detector 270oC 
     Initial temperature:   40oC for 4 minutes 
     Ramp:    10oC/min to 250oC, hold 5 min. 



Int Std

Int Std




GC Retention Time Library




VOC methods used by 
California regulatory agencies




Other VOC methods 
investigated


  The “Battelle” Method

  mid 1990s, waterborne coatings, heat sample at 110oC for one 

hour, collect volatiles on solid sorbent, desorb to GC

  EPC/ASC Method


  Emulsion Polymers Council and Adhesive and Sealant Council

  Static headspace, 25 mg sample, 10 min@ 150oC, split and 

transferred to GC

  Separate response factors for each sample, both GC-MS and FID


  EPA Method 311

  HAPs by direct GC analysis 


  ASTM D6133-02, ASTM D6439-99, ASTM D4457-02

  Exempts by Direct GC (D6133 and D4457) and SPME-GC 

(D6439) 




67 Coatings chosen for analysis


  Based on 2001 and 2005 CARB Architectural Coatings 
Surveys – covering all types sold in California


  No flats, nonflats, primer/sealer/undercoaters

  Extensively studied previously by both indirect methods (based 

on EPA Method 24) and direct methods (based on ASTM 
D6886)


  ASTM D6886 was developed specifically to deal with problems 
in determining VOCs of these coatings using EPA Method 24


  11 two component (2K) coatings

  8 solventborne

  3 waterborne


  8 coatings containing high levels of exempt solvents








Summary of new methods 
developed as part of this project




Standard Test Method for Direct Analysis of the 
VOCs in Waterborne Air-Dry Coatings by GC


•   Revision of ASTM Method D6886 
• Initially for waterborne coatings with < 5% VOC 

•   Expand for use with solventborne coatings 

•   Use to determine exempt VOC content (acetone, methyl acetate, 
    p-chlorobenzotrifluoride, t-butyl acetate) of waterborne and 
    solventborne coatings 

•   Expand possible solvents to include THF, acetone and 2-propanol 

•   Use ethylene glycol diethyl ether (EGDE) as internal standard 

•   Use small, inert ceramic beads to insure complete mixing 



Standard Test Method for the VOC and HAP 
Content of Multi-Component Coatings by GC


•   Use for solventborne and waterborne multi-component coatings curing by 
chemical reaction and coatings which cure by heating (i.e. melamine-cure 
coatings and powder coatings) 
•   Prepare 100 grams of mixed coating, transfer 100 mg to 20mL headspace 
vial, seal and allow to cure for 24-26 hours at ambient temperature 
•   Heat sample for 30 minutes at 110oC, cool, add known quantity of acetone 
containing internal standard, and mix. 
•   Solution analyzed by gas chromatography using 5% phenyl/95% 
polydimethylsiloxane (PMPS) capillary column 
•   May use THF as solvent if sample contains acetone. 
•   Acetone and isopropyl alcohol may coelute.  If either present, confirm 
using CarbowaxTM capillary column.  Other possible coeluting compounds 
are PM acetate/ethylbenzene, 2-butoxyethanol/o-xylene – can adjust 
heating rate using PDMS column 
•   Sample cures under application conditions with no added solvent 
•   Obtain total fraction VOC and fractions of any exempt solvents and 
HAPs 



Standard Test Method for Determination of 
Common HAPs in Solventborne Air-Dry Coatings 
by GC


•   Determine MIBK, toluene, commercial xylene, cumene, 
naphthalene if present at 0.01 weight percent or greater 
•   Known weight of coating dispersed in THF or acetone, 
internally standardized, analyzed by GC to give speciated 
composition of VOCs including HAPS 
•   Solid phase microextraction (SPME) using GC/FID or 
GC/MS may be used for identification of VOCs present 
•   Possible co-eluting compounds can be separated using 
PMPS column by varying heating rate 
•   Cumene introduced from Aromatic 100 
•   Naphthalene introduced from Aromatic 150 



Solid Phase Microextraction (SPME) 
in Coatings Analysis


  Fused-silica fiber tip coated with 
Carbowax-divinylbenzene (or other 
adsorbing material) is placed in 
contact with coating headspace


  Solvent molecules in headspace are 
adsorbed and concentrated on fiber


  Fiber is withdrawn into protective 
metal sheath and inserted into hot 
GC injection port where solvent 
molecules are thermally desorbed 
onto column


Fiber Tip

Metal Sheath




SPME Sampling of 
Coating Headspace


SPME Injector


PTFE Septum Cap


Coated Silica Fiber


Coating Headspace


Coating 




Standard Test Method for Determination of the 
Semi-volatile Content Remaining in Paint Films 
after ASTM Method D2369


•   Fundamental difference between EPA Method 24 and ASTM D6886 
•  For EPA Method 24, semi-volatiles remaining in the paint film after 
ASTM D2369  are not counted as VOCs 
•  For ASTM D6886 (direct analysis) the total amount of all semi-volatiles 
in the paint is determined 
•   For consistency, the amount of semi-volatiles remaining in the film 
must be subtracted from the amount obtained using the direct method 

•   Immediately after a D2369 determination (solids), the aluminum pans are 
cut up, placed in a 125 mL Erlenmeyer flask, and 20 mL of acetone or MEK 
are added. Flask is stirred for 12-24 hours, extracting remaining VOCs from 
film 
•   5.0 mL of THF or acetone with internal standard added, and solution 
analyzed using GC 
•   VOCs with BP > 250oC and retention times ≥ Texanol® are determined. 
•   Peaks may appear in chromatogram not seen in original unheated sample 
due to oxidative degradation 
• VOCs obtained from the extracted sample are subtracted from the original 
VOC amount obtained from the unheated sample 



Standard Test Method for Solids Determination of 
2K Coatings Containing More than 90% Solids


•   US EPA approved revision of Sect. 7 of ASTM D2369 for coatings 
with > 90% solids 

•   Concern over film thicknesses for these coatings – not 
representative of application conditions 
•   Concern over effect of solvent on rate of cure 

•   Use specimen weight consistent with lowest thickness 
manufacturer’s literature recommends: 

Weight(g) = thickness(mm) x 3.14 X [dish diameter2 (mm2)/4] x  
                   density (g/cm3)/1000 

•   Use no solvent – spread sample with paper clip  



Recommended VOC Analysis Methods




Precision values used in EPA Method 24




Precision values for exempt compounds




Precision values used in VOC 
determination based on ASTM D6886




Methods to estimate uncertainty 
in VOC measurements

Calculate maximum and 
minimum values based on 
precision in one variable


  Assumes most of total 
error results from error in 
one quantity, for example, 
fw (for EPA Method 24) or 
fVOC (for direct method 
based on ASTM D6886)


Calculate overall error using 
propagation of errors method


  For a function F(x,y,z)


€ 

σF =
∂F
∂x
 

 
 

 

 
 
2

σx
2 +

∂F
∂y

 

 
 

 

 
 
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σy
2 +

∂F
∂z
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 
 

 

 
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 

0.5



Water-borne Coatings from the 2001 
ARB Coatings Survey 




Sample results and 
uncertainties




Differences between VOCD6886 and 
VOCEPA24 for samples analyzed




VOC uncertainties based on propagation of 
error calculations for ASTM 6886 and EPA 24




VOCs identified in 67 coatings samples




Samples with exempt solvents




Results for 2K coatings




Static headspace analysis: 
Agilent 6890N GC/5973 MS/G1888 static 
headspace analyzer




Sample Preparation 

  Add neat coating to 

20mL vial containing 
ceramic media


  Add internal standard 
and mix


  For waterborne, add 
10.0mL internal standard 
in water and mix


  Transfer 10-20 mg of 
above to 20mL 
headspace vial


  Equilibrate for 20 
minutes in headspace 
oven




Headspace GC of a SB 
melamine-cure 
automotive primer


1.  Methanol

2.  IPA

3.  MEK

4.  iBuOH

5.  nBuOH

6.  MIBK

7.  Toluene

8.  BuOAc

9.  EtBz

10.  Xy, m&p

11.  oXy, 

EB,BuOPr

12.  Aromatics

13.  Naphthalene


1


2


3


4
 5
 6


7

8


9


10


11


12


13




Headspace GC of a GMA 
Acrylic Powder Coating


1.  MMA

2.  AIBN

3.  BMA

4.  GlyMA

5.  Benzoin


1

2


3


4


5




Headspace GC of melamine-cure 
automotive primer




Headspace analysis of waterborne 
driveway sealer (#41)


Polynuclear aromatic 
hydrocarbons 



Comparison of headspace and direct 
analysis of semi-volatiles




Static headspace analysis: 
conclusions


•   Headspace analysis is useful for analysis of high-
boiling volatiles – no need to analyze dried film

•   Headspace analysis may be useful for analysis of 
semi-volatiles

•   Headspace analysis allows sample to be tested under 
actual curing conditions – useful for powder coatings 
and high-temperature cure coatings

•   Headspace cannot provide consistent analyses of 
highly polar analytes, such as glycols

•   More work is needed before static headspace can be 
included in VOC analysis methods




Validation studies  
mini round-robin


•   Coatings in three categories sent to other laboratories 
•   2K coatings 
•   unusual coatings (low solids, high VOC, unusual 
solvents 
•   coatings with exempt solvent 

•   Samples split from coatings received from manufacturers 
•   Samples sent to five laboratories 

•   two industrial laboratories (one did no analyses) 
•   three regulatory agencies  

• CARB, BAAQMD, SCAQMD 
•   Provided information on our results and analysis 
procedures 

• Most labs used their own analysis methods 



Samples selected for validation studies




Samples selected for validation studies




#55 Waterborne air-dry rust preventative coating




#60  Waterborne air dry metallic pigmented coating




#76-1 Waterborne air-dry faux finish




#44-2 Solventborne air-dry magnesite cement coating




Precision data for Sample #44-2




Summary results  
from round-robin  
of 2K coatings




# 15-2 solventborne 2K industrial maintenance coating




#15-2 solventborne 2K industrial maintenance coating 
Effect of film thinkness on D-2369 determination




The VOC content of waterborne 2K coatings can 
be determined by direct GC analysis


•   No EPA method for measuring VOC of waterborne 2K 
coatings 
•   2 waterborne 2K coatings analyzed by Cal Poly (2 
labs), industrial lab and SCAQMD (Method 24 only) 



#26 Waterborne 2K swimming pool coating




Summary of validation studies


•    when similar procedures were followed, labs obtained results in good 
agreement


•    some labs were unable to analyze all of the VOCs present in some 
samples


•    problems with Method 24 water determinations were seen, as expected

•    in some cases, CARB Method 310 gave results in agreement with 

ASTM D6886

•    VOCs of solventborne 2K coatings may be measured by direct GC or 

EPA Method 24

•    VOCs for 2K coatings with > 90% solids must be determined using a 

modification of EPA Method 24

•    VOCs of waterborne 2K coatings cannot be measured by EPA Method 

24 but can be determined using direct GC




The future?  VOC defined by 
boiling point marker


ISO 11890-2, Paints and varnishes – Determination of 
volatile organic compound (VOC) content – Part 2: Gas-
chromatographic method - uses a boiling point limit of 2500C 
and defined chromatographically by the retention time of 
diethyl adipate on a 60m poly(6% cyanopropylphenyl/94% 
dimethylsiloxane) (DB-1301TM) capillary column.


diethyladipate


WB acrylic gloss 



Summary


•   A suite of VOC analysis methods was developed for 
use in analyzing any architectural coating sold in 
California 
•   For high VOC solventborne coatings with no exempt 
compounds, EPA Method 24 provides an accurate and 
simple procedure for determining VOC 
•   Methods similar to ASTM D6886 were tested on 67 
coatings 
•   These new methods were tested against those used by 
regulatory agencies and industry and were found to be at 
least equal in quality and generally superior to other 
methods. 
•   A California Manual for Determination of the VOC 
Content of Architectural Coatings was developed. 



VOC Manual




Links:


 California Manual for Determination of the 
VOC Content of Architectural Coatings  
(and final report for this project)

  http://www.arb.ca.gov/coatings/arch/

testmethod.htm

 Questions, comments?


  djones@calpoly.edu

  mwills@calpoly.edu
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